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INTRODUCTION
Epidemiologic studies strongly support a causal association between external radiation exposure and thyroid cancer, with the young thyroid gland being particularly radiosensitive (1) (2) (3) . In 1995, a pooled analysis of seven studies of external radiation exposure and thyroid cancer was performed to evaluate the strength of the association between radiation and thyroid cancer in terms of excess relative risk per Gy (ERR/Gy) (4) . The ERR was consistent with linearity through nearly 10 Gy, although there is evidence to suggest curvilinearity at higher doses. The analysis also demonstrated that the strength of association decreased with increasing age at exposure and that an excess risk persisted for 30 years and more after radiation exposure (4) .
Except for a single case-control study of 22 incident thyroid cancers, these studies involved mainly lower radiation doses with study-specific mean doses under 1.5
Gy and with nearly all cases exposed to under 10 Gy (4). Because radiation therapy in pediatric cancers can result in a dose of 50 Gy or more to the thyroid, the 1995 pooling did not permit a characterization of the dose response across the full range of possible thyroid radiation doses, in particular, the shape and magnitude of the dose response at high doses and the dose-response relationship at lower doses.
Since 1995, the amount of information on thyroid cancer and childhood radiation exposure has increased substantially. Many of the original cohorts have extended their followups and investigators have reported several new studies, resulting in a commensurate increase in the number of reported thyroid cancer cases. For several of the new studies the purpose was to investigate thyroid cancer after radiation therapy for childhood cancer and involved thyroid radiation doses in excess of 50 Gy. However, the merging of these higher dose studies with lower dose studies of thyroid cancer after radiotherapy for benign diseases or environmental exposure introduced an added complexity, namely, the role of chemotherapeutic agents to treat many childhood cancers as potential thyroid carcinogens (5) (6) (7) (8) .
We assembled and harmonized original data from 12 studies of external radiation exposure in childhood and incident thyroid cancer and conducted a new pooled analysis of individuals who were under age 20 years at the time of their first radiation exposure (6, 7, (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . The current analysis includes 1,070 (927 exposed) thyroid cancer cases, compared with 495 (458 exposed) in the earlier report (4) .
We previously reported results of a pooled analysis of the four childhood cancer survivor studies (CCSS) of second primary thyroid cancer in patients with information on individualized thyroid radiation dose estimates and on chemotherapeutic agents (8) . Mean doses ranged from 6 to 14 Gy, with doses in some patients exceeding 70 Gy. Relative risks with ever exposure to chemotherapy or ever exposure to the subgroup of alkylating agents were elevated, but declined with increasing thyroid radiation dose (8) , suggesting a sub-multiplicative association. The current pooling included these data to enable a comprehensive characterization of risk patterns of thyroid cancer across the full range of childhood radiation exposures and allow a more formal evaluation of the synergistic/nonsynergistic relationship for thyroid radiation dose and chemotherapy.
The goals of the current analysis were: 1. To evaluate thyroid radiation dose-response patterns at low doses; 2. To evaluate dose-response patterns across the full range of doses while accounting for chemotherapy; and 3. To examine factors that influence the ERR/Gy, such as sex, age at exposure, number of radiation treatments, attained age and time since exposure.
METHODS

Study Populations
We included all epidemiologic studies of childhood external radiation exposure and thyroid cancer that included individual thyroid dose estimates and a minimum of 1,000 irradiated subjects or 10 thyroid cancer cases. Based on a MEDLINE search, there were 12 eligible studies (10 cohort and 2 case-control studies). We distinguished studies by the source of radiation, i.e., cancer treatment, treatment of benign diseases and environmental exposure (see Table 1 and Supplementary Material Part A). For the cohort studies, we included only individuals who were free of thyroid cancer at start of follow-up. For studies of benign diseases and of environmental exposure cases were comprised of patients who developed thyroid cancer as the first primary cancer or second primary cancer if the first primary malignancy was non-melanoma skin cancer. The CCSS cohorts were comprised of patients who developed thyroid cancer as the second primary cancer or third primary cancer if the second primary cancer was non-melanoma skin cancer. For comparability across studies, we did not include autopsy identified thyroid cancers as cases, but censored them at date of death. The appropriate institutional review boards approved each participating study and the data pooling.
Organization of Data
Due to different inclusion criteria and ongoing follow-up, numbers of patients and thyroid cancer cases for individual studies may differ slightly from original publications. Investigators assigned zero dose to patients known to be exposed to radiation but with measurements below the detection limit (DL) (5 mGy in CCSS-US, 1 mGy in CCSSFr/UK and Hemangioma-France and 10 mGy in HemangiomaSweden). We inserted DL/ ffiffi ffi 2 p as the thyroid dose (28) . This affected 7,568 patients, including 33 (0.4%) in the CCSS-US, 293 (9%) in the CCSS-Fr/UK, 1,254 (11%) in the Hemangioma-Göteborg, 3,568 (25%) in the Hemangioma-Stockholm and 2,438 (70%) in the Hemangioma-France cohort studies. Since relative risk (RR) trends are only minimally influenced by low doses (29, 30) , this simplified imputation should have little impact on results (28) .
For most cohort studies, person-time accrual started at first radiation exposure or at enrollment for nonexposed and continued until the earliest date of death, loss to follow-up, incident cancer or end of study. For the Atomic Bomb Survivors study, follow-up and case accrual started in 1958, 13 years after exposure. For the CCSS cohorts, follow-up started five years (CCSS-US) or three years (CCSS-Fr/UK) after first cancer and ended at the earliest date of death, loss to followup, occurrence of a second primary cancer or end of study.
For the cohort studies, we cross-tabulated person-years by the following: sex; age at exposure (,1, 1-4, 5-9, 10-14, .15 years); calendar year of follow-up (,1935, 1935-1940, . . ., 1995-1999 For the Rochester Thymus study, variables included the presence of goiter (yes/no) and Jewish religion (yes/no). For the Atomic Bomb Survivors study, variables included city of exposure (Hiroshima/ Nagasaki), not in city at the time of the bombing (yes/no) and enrollment in the Adult Health Study (AHS) (yes/no). We included the latter variable to account for possible surveillance-related differences in background thyroid cancer rates (4) . For the CCSS cohorts, variables included type of first cancer (Hodgkin or other) and chemotherapy (yes/ no) or treatment with alkylating agents (yes/no). As part of the inclusion criteria, radiation dose estimates were required for all participants. We assumed that the 14 patients (all noncases) from the CCSS-U.S. who were exposed to chemotherapy but had missing information for use of alkylating agents were not exposed to alkylating agents. Also, since most radiation-exposed cases had only one treatment (84%), we assumed exposed participants with missing number of treatments received one treatment. We also computed person-years weighted means within each cell of the cross-tabulation for continuous variables. We used Poisson regression to model disease risk.
For the case-control studies, data were limited and we enlarged categories for study-specific analysis: age at exposure (,1, 1-4, 5-9, !10 years), time since exposure (,10, !10 years), attained age (,20, !20 years) and thyroid radiation dose (0-1, 2-9, 10-29 and !30 Gy), with the lowest dose category as the referent for dose-response analysis. We used unconditional likelihood regression for binary (Bernoulli) outcomes for analysis.
For pooled analyses, we used a likelihood that combined binomial and Bernoulli probabilities, since for rare diseases a binomial distribution closely approximates a Poisson distribution. We assumed that each cell of the cross-tabulation was binomially distributed, where the number of cases represented ''successes'' from person-time ''trials''. The likelihood was the product of cell-specific binomial and subject-specific Bernoulli probabilities.
The pooled and case-control analyses estimated odds ratios, while the Poisson regression of cohort data estimated RRs. Since thyroid cancer is rare, these measures are similar and we used RRs throughout for simplicity.
Models for Thyroid Cancer Risk
We modeled thyroid cancer incidence rate, r(x, z, d), in terms of a vector of explanatory variables, x, which varied with analysis but generally included study, sex, attained age, year of birth and other factors, thyroid radiation dose, d, and a vector of potential modifying factors, z. With CCSS data, explanatory variables included type of first c Number of control subjects from case-control studies or number of exposed person-years from cohort studies. d Person-years weighted mean for cohort studies or control mean for case-control studies. e Subjects with ages at exposure ,20 years old. Exposure is defined as !0.01 Gy to the thyroid.
cancer and treatment with chemotherapy or alkylating agents. Models had the form:
where r 0 (x) ¼ exp(hx) described the thyroid cancer incidence rate among non-radiation exposed with h a vector of parameters and where ERR(d, z) represented the ERR in radiation dose and other factors. We applied the following general linear-exponential form for the ERR:
This formulation incorporated the linear model, . We used a likelihood ratio statistic to test hypotheses and a likelihood-based 95% confidence interval (CI) for dose-response parameters. Using model (2), we evaluated categorical effect modifiers for the linear component using likelihood ratio tests. For an effect modifier z with J levels, we replaced b with ( P j b j z j ) where z j was a zero/one indicator variable and b j was the ERR/Gy for the jth category. The likelihood ratio of no effect modification, i.e.,
degrees of freedom (df). We evaluated sex, age at exposure, attained age, time since exposure, number of radiation treatments and chemotherapy or treatment with alkylating agents as potential modifiers of the ERR. Data were insufficient to evaluate changes in curvature across effect modifiers. Inference was unchanged when we fitted models with continuous variables for the effect modifiers (see Supplementary Material Part C).
We considered various forms for the joint association of radiation dose and chemotherapy or treatment with alkylating agents. For a binary variable denoting treatment with chemotherapy or alkylating agents (x t ¼ 1) or otherwise (x t ¼ 0), we fitted a multiplicative model:
and an additive model:
where h t represented the ERR for treatment. Equations (3) and (4) were not nested and we used two approaches to embed each model in a larger class to evaluate the fit of each form. The first approach used a ''full'' model, in which we replaced the linear dose component b in Eq. (3) with treatment-specific effects, b 1 and b 0 . For chemotherapy and for treatment with alkylating agents, the multiplicative relationship was rejected (P , 0.01 for both), while the additive was not (P ¼ 0.36 and P ¼ 0.91, respectively). We extended this ''full'' model to allow the curvature components, dose (c 1 ), its quadratic (c 2 ) or its logarithm (c 3 ), to also vary by treatment status, singly and jointly, and found that the additive form remained preferred (not shown). A second approach fitted a geometric mixture, namely,
where k was the mixing parameter with k ¼ 1 identifying the multiplicative model and k ¼ 0 identifying the additive model. This model rejected the multiplicative form (P , 0.01 for both) but not the additive (P ¼ 0.44 for chemotherapy and P ¼ 0.99 for alkylating agents). With both approaches, the additive model, Eq. (4), provided a consistently better characterization of the joint association (Supplementary Material Part C). The following analyses used Eq. (4). We also analyzed data restricted to 2 Gy and additionally fitted power, r(
Finally, for the cohort studies, we fitted an excess absolute risk (EAR) model, r(x, z, d) ¼ r 0 (x) þ EAR(d, z). However, as in previous poolings, the EAR form provided a substantially poorer fit (4, 8) and therefore we omitted these results from the current analyses. We used the Epicure software program with the AMFIT module for Poisson regression and the GMBO module for the case-control analyses and for the Bernoulli/binomial regression of pooled data (31) .
RESULTS
Analysis of Individual Studies
A linear model described RR trends for all studies of medical radiation for benign diseases, whereas nonlinear models best fitted the data from the CCSS and the Atomic Bomb Survivors study. For radiation doses ,3 Gy, the Atomic Bomb Survivors study exhibited no evidence of departure from linearity Gy (P ¼ 0.45) (Supplementary Table S1 ). The fitted RR at 1 Gy varied across the studies, ranging from 2.0 (95%CI, 1.3-4.3) in the CCSS-Fr/UK to 22.0 (95%CI, 14.1-34.7) in the Tinea Capitis study. The result from the Tinea Capitis study markedly declined when model (1) included an indicator variable for radiation exposure status as an adjustment factor within x with the fitted RR at 1 Gy reduced from 22.0 (95% CI, 14.1-34.7) to 5.2 (95%CI, 1.5-35.7) (see Supplementary Table S1 , footnote ''i''). However, the indicator variable was not statistically significant (P ¼ 0.72) and an indicator was not included in the pooled analyses.
For each study, we evaluated effect modification of the radiation risk by sex, age at exposure, attained age, number of treatments and time since exposure (Supplementary Table S2 ). The fitted RRs did not differ significantly for males and females. There were significantly decreasing risks with increasing age at exposure only for the CCSS-U.S. and Tonsils studies, although several studies showed a similar pattern, albeit nonsignificant. No studies exhibited significant variation in risk by attained age, although the Thymus study had a significantly decreasing trend using attained age as a continuous variable. The ERR/Gy estimates varied significantly with time since exposure, with estimates decreasing in the Thymus study, but increasing in the Tonsils study.
Pooled Analysis: Radiation Dose Response
Mean thyroid radiation dose ranged from 0.04 Gy in the Hemangioma-France study to 14.2 Gy in the Late Effect Study Group (LESG), with individual doses ranging to 76 Gy ( Table 1) . The pooled data included 1,070 thyroid cancer cases, with cohorts contributing 5.3 million personyears of follow-up (Table 2) .
We plotted RRs by radiation dose categories for all data (solid circle) and separately for non-CCSS data (star) and CCSS data for those with (triangle) and without (square) treatment with chemotherapy ( Fig. 1 ; RRs displayed in Supplementary Table S3 ). For clarity, the Fig. 1 shows only selected CIs for RRs for all data. Relative risks increased at low doses, leveled off between 10 and 30 Gy with RRs of 30-40 and declined above 40 Gy. The model with an exponential curvature function in dose, dose squared and the logarithm of dose was preferred, although a curvature function in dose, the logarithm of dose and its square also fitted well (Table 3 ). The fitted model closely tracked the category-specific RRs (solid line). The estimate of b was 5.5 (95% CI, 3.9-7.5) and the RR for chemotherapy treatment was 3.6 (95% CI, 1.7-7.2). [Addition of an exposure indicator variable for the Tinea Capitis study did not significantly change the pooled parameter estimates, P ¼ 0.77. Fitted RRs at 1.0 Gy without and with an exposure indicator were 6.5 (95% CI, 5.1-8.5) and 5.6 (95% CI, 4.3, 7.5), respectively.] Results with an additive adjustment for use of alkylating agents were similar (Supplementary Table  S4 and Fig. S2 ).
Pooled Analysis: Dose Response at Lower Doses
We evaluated RRs at lower doses by testing homogeneity of the b estimates by study type (non-CCSS and CCSS), where study type represented a crude surrogate for lower and higher dose ranges, and found no effect modification (Table 4 , P ¼ 0.68). This suggested general model consistency across the dose range. Within the non-CCSS dose range, the 4-parameter model fitted to non-CCSS data only (Fig. 1, dash line) closely followed the categoryspecific RRs.
We further evaluated risk at low doses by limiting data to doses 2 Gy and fitting several models, including the power Table S5 ). As shown in Fig. 2 , the model fitted to all data (solid line) and the power model fitted to 2 Gy (dash line) closely tracked the category-specific RRs (solid symbols), with confidence limits omitted for clarity. For the power model, we assigned 0.01 Gy to zero dose, which minimized model deviation, and centered the plot, using RR ¼ 2.82, the exponential of the case-weighted category-specific ln(RR) and the mean Table S5 and Fig. S3) .
We fitted the full model (b, c 1 , c 2 and c 3 ) with parameters fixed at their full data values ( Table 3 ). The deviation from this model differed only slightly from the 4-parameter model with parameters freely estimated (Supplementary Table S5 ). Note that the AIC for the fixed 4-parameter model cannot be properly computed since the ''fixed'' parameter values were in part determined from the restricted data.
Finally, the trend in RRs continued at lower doses (Fig.  2) . We further limited the data to 0.10 Gy, including 184 exposed thyroid cancer cases, and found a statistically significant linear trend (P , 0.01), with no evidence of a departure from linearity (P ¼ 0.36) (Fig. 3) . The estimate of the ERR/Gy was 11.21 (95% CI, 4.8-19.7). The linear model (dash-dot-dot line), the full data model (solid line) and the power model for doses 2.0 Gy (dash line, with plot adjusted to the case-weighted RR of 1.22 and mean dose 0.02 Gy), conformed closely to the category-specific RRs, where quintiles of exposed cases defined the cut points. The plot retained the aspect ratio of Figs. 1 and 2 . Fitted RRs at 0.05 Gy were 1.6 (95% CI, 1.2-2.0) for the linear model and 1.6 (95% CI, 1.4-2.1) for the full data model.
Pooled Analysis: Modification of the Radiation Dose Response
With adjustment for study, age and other factors, there was no modification of the radiation dose response by sex (P ¼ 0.35) or with use of chemotherapy (P ¼ 0.36) or alkylating agents (P ¼ 0.91) ( Table 4 ). The latter results reflected consistency of the additive adjustment.
The ERR/Gy decreased with attained age (P , 0.001) and varied significantly with age at exposure (P , 0.001) ( Table  4 ). The ERR/Gy was elevated within 10 years of radiation exposure, increased through 20-30 years after exposure, before declining, with the ERR/Gy remaining elevated 50 and more years after exposure. These patterns are shown in Supplementary Fig. S4 along with fitted models using continuous variables for the modifiers.
Finally, there were no differential effects of number of radiation treatments in the full data (P ¼ 0.84) or the subgroups of non-CCSS (P ¼ 0.73) and CCSS (P ¼ 0.38) data.
Histology Specific Results
Among the 1,070 microscopically confirmed thyroid cancer cases, 841 (79%) were papillary cancers, 143 (13%) were nonpapillary cancers (95 follicular, 8 medullary, 5 anaplastic, 17 other histologies and 18 unspecified) and 86 (8%) lacked histologic information. A subset of the follicular cancers occurred before the recognition of the follicular variant of papillary cancer and may, in fact, be papillary cancers. We fitted model (4) to all thyroid cancer cases, to papillary and to non-papillary tumors (Table 5) . Results indicated that radiation dose risk patterns with cases restricted to papillary tumors were similar to patterns for all thyroid cancers and that non-papillary tumors were also radiogenic (P , 0.001). Fitted RRs at 0.2 and 10 Gy were higher for non-papillary tumors (Table 5) ; however, radiation risk patterns for papillary and non-papillary tumors were statistically homogeneous, P ¼ 0.30 (see Supplementary Fig. S5 ). Exposure to chemotherapy increased thyroid cancer risk for papillary tumors, RR ¼ 2.97 (95% CI, 1.3, 6.6) and non-papillary tumors, RR ¼ 3.72 (95% CI, 0.6, 22.2).
For doses 2 Gy, there were 599 radiation-exposed and 118 nonexposed papillary tumors and 96 exposed and 21 nonexposed non-papillary tumors. Relative risks increased for both papillary and non-papillary tumors in the restricted range. Again, while patterns were statistically homogeneous (P ¼ 0.27), radiogenic risks for non-papillary tumors appeared at least as great as for papillary tumors (Supplementary Fig. S5 ). Note. Analysis includes all data combined. a Model for the excess relative risk (ERR) with continuous radiation dose:
g, with linear parameter b and the c's parameters defining curvature. Models fitted with an additive adjustment for treatment with chemotherapy, 
Models adjusted for study, sex, age and other study-specific factors (see text). For modifiers, bd was replaced by ( P j b j z j d), where z j was a zero/one indicator variable for the jth category and b j represented the linear parameter within the jth category. Number of cases reflect radiation exposed only, with nonexposed cases numbering 143.
b Fitted RR at 0.2 and 10 Gy, the approximate trials-weighted mean doses in exposed participants in non-CCSS (0.22 Gy) and CCSS (9.3 Gy) studies. c P value for J -1 degrees of freedom likelihood ratio test of homogeneity,
Treatment with an alkylating agent replaces chemotherapy as an adjustment variable.
e There was no single definition for fractionation across studies. Length of time between fractions, dose per fraction and reason for fractionation differed in each study. In general, one treatment course included all fractions of radiation dose received within six months in most studies and at least a one year interval for tinea capitis.
f Evaluation used AIC-preferred models: the linear-exponential (log) model, b j , c 3 , for non-CCSS data and the linear-exponential (linear) model, b j , c 1 , for the CCSS data.
g Not in applicable dose range and estimate omitted.
Variations of Dose Effects Across Studies and Influence Analysis
With an additive adjustment for either chemotherapy or alkylating agents, the test of homogeneity of the linear component of the model across studies, i.e., the comparison of Eq. (2) with b and with b 1 , . . . , b 12 was rejected (P , 0.01). However, participants varied within and between studies. With additional adjustment for age at exposure, tests for homogeneity of the dose effects were still rejected (P ¼ 0.03 and P ¼ 0.05 with additive adjustment for chemotherapy and alkylating agents, respectively). These were fixed effects models, i.e., there was one ERR/Gy for all populations. Assuming random effects for ERR/Gy (b) due to population differences and adjusting for age at exposure, Cochran's Q statistics resulted in P ¼ 0.11 and P ¼ 0.15 with adjustment for use of chemotherapy or alkylating agents, respectively, which suggested data were compatible with a common ERR/Gy (32-34). We also found no departure from homogeneity across studies grouped as CCSS and non-CCSS (P ¼ 0.68) or by study type, i.e., medical cancer treatment, medical benign disease treatment and environmental exposure studies (P ¼ 0.20).
For doses 2 Gy and with a random effects assumption, Cochran's Q statistics again suggested no departure from   FIG. 3 . Category-specific relative risks for thyroid radiation dose for all data (solid circle) and the 4-parameter fitted dose-response model to all data (solid line) and a power (dash line) and linear (dashdot-dot line) model to doses 0.10 Gy, with an additive adjustment for use of chemotherapy. For the power model, 0.01 Gy replaced zero doses and the plot is adjusted to reflect the case-weighted categoryspecific relative risk of 1.22 at a mean dose of 0.02 Gy. Plot uses the same aspect ratio as Fig. 1.   FIG. 2 . Category-specific relative risks for thyroid radiation dose for all data (solid circle) and the 4-parameter fitted dose-response model to all data (solid line) and a power (dash line) and linear (dashdot-dot line) model to doses 2 Gy, with an additive adjustment for use of chemotherapy. For the power model, 0.01 Gy replaced zero doses and the plot is adjusted to reflect the case-weighted categoryspecific relative risk of 2.82 at a mean dose of 0.10 Gy. Plot uses the same aspect ratio as Fig. 1. homogeneity of the ERR/Gy estimates (P ¼ 0.90 and P ¼ 0.93 with an additive adjustment for chemotherapy or alkylating agents, respectively).
With the model for all data and with modification by age at exposure (Table 4) , we omitted each study sequentially to evaluate its influence (Supplementary Fig. S6 ). The fitted RRs at 0.2 and 10 Gy revealed that no study had an excessive influence on summary results.
DISCUSSION
The radiosensitivity of the thyroid gland is well established, particularly with childhood exposure when cell proliferation is greatest (1-3) . The current pooled analysis combined all available studies of environmental and medical exposures, thereby enabling dose-response modeling across the full range of radiation doses to the thyroid. Across the full dose range, RRs increased supralinearly through about 2-4 Gy, leveled at doses between 10 to 30 Gy and thereafter declined. For doses 0.10 Gy, including 184 exposed cases, RRs increased significantly (P , 0.01) with no significant departure from linearity (P ¼ 0.36).
The leveling and downturn of RRs at high doses may have reflected a cell killing effect, although RRs remained substantially elevated at high doses, with, for example, a fitted RR estimate at 60 Gy of 3.4 (95% CI, 1.4, 13.4). In their published work, Sachs and Brenner suggested that stem cell repopulation may compensate for cell killing and that accelerated repopulation may explain why risks for solid cancers after radiotherapy remain substantially greater than predictions based solely on initiation and cell-killing mechanisms (35) .
The fitted RRs at 1 Gy were 6.5 (95% CI, 5.1-8.5) with an additive adjustment for chemotherapy, which was similar to 6.2 (95% CI, 2.4-19.7) under the preferred linearexponential-linear model from the previous pooling of CCSS data only (8) , although with additive adjustments for chemotherapy. While more precise, our estimate was only slightly lower than the estimated 8.7 at 1 Gy (95% CI, 3.1, 29.7) from the 1995 pooled analysis of populations irradiated primarily at low to moderate doses (4) .
One goal of the pooling was to evaluate RRs across the full dose range. We found that the downward extrapolation from high to low doses using the full dose model was consistent both with the category-specific RRs at low doses and with a model based solely on low-dose data. The figures visually confirmed the close correspondence and we found no significant difference in the dose response for non-CCSS and CCSS data (P ¼ 0.68). Nonetheless, a test of homogeneity of the study-specific linear radiation effects, i.e., b 1 ¼ . . ., ¼ b 12 was rejected (P , 0.01). This perhaps was unsurprising since, while all studies involved childhood radiation exposures, there were marked differences in ages at exposure, times since exposure and ages at event, all modifiers of risk. However, study populations also differed in calendar years of enrollment, countries of origin and reasons for exposure, suggesting the need to allow for a random radiation effect. Accounting for age at exposure and using a random effects approach (32, 33) , we found that linear dose responses were compatible with a common value across populations. This result highlights the importance of accounting for factors such as age at exposure and use of chemotherapy when comparing thyroid radiation-associated risks among diverse studies and when estimating individualized risk (5) .
Studies have shown that ERR/Gy estimates generally remained elevated, even with extended time after exposure. Although the ERR/Gy estimate in the pooled data appeared to peak 20-30 years after exposure, it remained elevated throughout the follow-up period, in particular 50 and more years after exposure. This highlights the potential need for continued clinical monitoring of those who were exposed to radiation as children.
The Ron et al. pooling of data suggested a greater ERR/ Gy in females compared to males (P ¼ 0.07), although study-specific results were inconsistent (4). Our analysis with more than twice the number of thyroid cancers failed to support a difference. We found similar ERR/Gy estimates by gender (P ¼ 0.35), a finding which agreed with results from the more limited four CCSS pooling (8) .
Our analysis provided no consistent support for a differential effect by number of radiation treatments, overall or for data limited to non-CCSS or CCSS studies. However, the null findings may be due to limitations in the data. Harmonization of numbers of treatments proved problematic due to the diverse medical settings and treatment regimens for malignant and benign diseases, the lack of treatment-specific dose estimates and the lack of a consistent definition of treatment dose and dose fraction within treatment and time between periods of treatment. These factors suggested a potential for substantial misclassification of information on fractionation. Alternatively, dose fractionation may be important only at very low doses, ,0.10 Gy, a range at which the pooled data have little power to examine this effect (36) . Nonetheless, our findings were consistent with dose rate having no effect or at best a weak effect on thyroid cell line survival (37) and largely compatible with results from studies of persons receiving 131 I radiation during childhood from the Chernobyl accident (38) .
Ron et al. reported two thyroid cancer cases within five years of radiation exposure and no excess risk (4). In the current pooling, there was a statistically significant ERR/Gy estimate of 2.76 (95% CI, 1.3-5.7) within ,10 years since exposure, based on 42 exposed cases. We subdivided the category and found 3 and 39 exposed cases ,5 years and 5-9 years since exposure, respectively. Like the earlier pooling, we found that the ERR/Gy was not estimable in the former category and was a significant 3.51 (95% CI, 1.6-6.2) in the latter category. This result supports a minimum latency between 5 and 10 years but the few cases do not further inform a lesser latency in relationship to the observed increase in thyroid cancer cases in children in Belarus within three years of the Chernobyl accident (39) (40) (41) . While screening may have impacted the Belarus findings, the primary concern is the extent that screening acted as a confounding variable to affect the latency results. In our data, nine different studies contributed radiationexposed thyroid cancer cases that occurred ,10 years since irradiation. While we cannot be certain, there is little reason to suppose that thyroid cancer screening was radiation dose dependent, suggesting that the elevated ERR/Gy for ,10 years since exposure was not confounded by screening. Note that the CCSS-Fr/UK, CCSS-US and Atomic Bomb Survivor studies made limited or no contribution to this result, since follow-up started three, five and 13 years after exposure, respectively.
Chemotherapeutic agents may themselves be carcinogenic to the thyroid (5-8, 10, 42) . After adjustment for radiation exposure, our analysis found a fourfold risk of thyroid cancer with chemotherapy exposure. This created the analytic challenge of evaluating the form of the joint association with radiation. In CCSS-US data, RRs for thyroid cancer were elevated with use of alkylating agents, but mainly among patients with radiation doses ,20 Gy (6), while our previous pooling of four CCSS datasets suggested a sub-multiplicative pattern (8) . We conducted a more formal evaluation of the synergistic/nonsynergistic relationship for thyroid radiation dose and chemotherapy and demonstrated that an additive, i.e., a nonsynergistic, joint association was consistent with the data, while a multiplicative association was rejected. Under a geometric mixture model, the estimated mixing parameter for radiation and use of chemotherapy or alkylating agents was k ¼ 0.1 (95% CI, À0.2, 0.6) or k ¼ 0.0 (95% CI, À0.3, 0.3), respectively, where k ¼ 0.0 denoted an additive model and k ¼ 1.0 denoted a multiplicative model. The preference for additivity of RRs for radiation and chemotherapy suggests that the causal effect on thyroid cancer occurrence from either thyroid radiation dose or chemotherapy is not influenced by the presence of the other factor.
A precise evaluation of the joint association of radiation and chemotherapy was problematic and cautious interpretation is warranted. In particular, chemotherapy is a general term that encompasses a variety of compounds, including alkylating agents, anthracyclines and bleomycin and often involves diverse treatment regimens. This diversity prevented a quantitative harmonization across studies and development of a quantitative metric. In addition, combination therapies were common and, except for alkylating agents, data were insufficient to disentangle effects of individual classes of agents or potentially distinct patterns of interaction. Furthermore, if carcinogenic effects were agent specific, then our use of general groupings increased misclassification, which may have biased the association towards additivity.
Papillary and non-papillary cancers comprised 79% and 13% of thyroid cancers in the pooled data, respectively. An early meta-analysis reported a radiation-related excess risk for follicular thyroid cancer, but lower than for papillary cancers (43) . In our pooled analysis, non-papillary cancers were radiogenic, although data were insufficient to compare levels of radiation-related risks. This agrees with our pooling of four CCSS datasets, which included a smaller number of non-papillary cancers (n ¼ 32). Further follow-up of the cohort studies may allow a more detailed evaluation of histologic-specific radiogenic effects.
Our analysis did not specifically account for uncertainties in dosimetry, which may affect standard errors and dose response estimates. In the Atomic Bomb Survivors study, we used adjusted estimates of dose that take into account dose measurement error (27) . In the Tinea Capitis study, accounting for various measurement uncertainties had little apparent influence on the estimated dose response or the evaluation of effect modifiers (44, 45) . The investigators suggested that the similarity of unadjusted and adjusted estimates resulted from the linearity of dose response and a predominance of Berkson-type error. The extent that these conditions may have occurred in the other datasets of the pooling suggested that dose uncertainties may not have greatly influenced the modeling of thyroid cancer risk in the pooled data.
Our analyses identified a consistent risk model across the full range of external radiation doses to the thyroid, with RRs increasing approximately supralinearly through 2-4 Gy, then leveling and declining above approximately 30 Gy, although RRs remained elevated. Radiogenic effects occurred for both papillary and non-papillary tumors. For doses 0.10 Gy, RRs increased significantly with dose, with no significant departure from linearity. Data supported a nonsynergistic (additive) association for thyroid radiation dose and use of chemotherapy for a first primary cancer in childhood. Importantly, significant thyroid cancer risks appeared within five to ten years of radiation exposure and remained elevated for potentially many decades.
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